This paper considers structural models when both I(1) and I(0) variables are present. It is necessary to extend the traditional classification of shocks into permanent and transitory and we do this by introducing a mixed shock. The extra shocks coming from introducing I(0) variables into a system are then classified as either mixed or transitory. Conditions are derived upon the nature of the Structural VAR in the event that these extra shocks are transitory. In many instances this might be the most reasonable identification. But there do exist applications where the shocks are mixed. We analyse what happens when there are mixed shocks, finding that it changes a number of ideas that have become established from the co-integration literature. An example where there is a mixed shock is Peersman's (2005) model where the structural shock in the interest rate, an I(0) variable, has a permanent effect on two of the I(1) variables. We look at the results he establishes and investigate a number of scenarios involving either treating the shock as transitory or allowing it to be mixed, as well as allowing it to have some extra zero long-run effects to what Peersman considered. Finally, the paper looks at how one applies sign restrictions to an SVAR which features mixed shocks, illustrating this with Peersman's model. One needs to exercise considerable care in how one does this.
Introduction
It seems likely that macroeconometric modelling will involve a mixture of variables that are I (1) and I(0). However most textbooks and applied work deal with the case when all series are I(1) while reviews such as Juselius (2006) make the assumption that all series are either I(1) or I(2). So there appears to be no systematic examination of the estimation issues raised by a mixture of I(1) and I (0) variables.
When there is no co-integration structural models are generally formulated in terms of changes in the I(1) variables. With co-integration present some of the changes in I(1) variables are replaced by error correction (EC) terms. When there are only I(1) variables present in a system, and there is co-integration , shocks can be classified as permanent and transitory. Now when I(0) variables are present in the system they will be in levels and some assumption needs to be made about the nature of the extra shocks arising from those variables. They could either be purely transitory or to have permanent effects on all or some of the I(1) variables. Hence we need to make a distinction between these cases.
When there is a mixture of I(1) and I(0) variables, section 2 suggests a classification of shocks into permanent, transitory and mixed. If the extra shocks induced by the presence of I(0) variables are purely transitory then we demonstrate in section 2.1 that this requires a particular type of model design, and our analysis extends a set of results found in Pagan and Pesaran (2008) . Section 2.2 then provides an analysis of the complications when shocks are mixed. It shows many of the conclusions that we are familiar with from co-integration theory e.g. that the change in the permanent components of the I(1) variables are white noise, no longer hold. Section 3 illustrates these issues in the context of an influential study by Peersman (2005) .
Peersman sets up a SVAR involving three I(1) variables and one I(0) variable, with no co-integration between the I(1) variables. Peersman works with three permanent shocks and one mixed shock and in so doing imposes a range of short and long-run restrictions. In section 4 we replace some of Peersman's short-run restrictions by an assumption that the monetary policy shock only has transitory rather than mixed effects. We see that the absence of price and output "puzzles" in Peersman's model comes from his use of a mixed shock for monetary policy. When this shock is taken to be transitory the puzzles appear. Hence one needs to ask what was the reason for the ability of Peersman's specification to eliminate the puzzles. Section 4 therefore looks at a number of alternative identification strategies to see what can be learned about this.
In his paper Peersman decided that, as an alternative to parametric restrictions, he would use sign restrictions. Section 5 of our paper analyses this extension, as it is a popular strategy nowadays. In Peersman's work, sign restrictions were used without imposing any long-run effects. Thus nominal shocks can have real effects in the long-run. It would seem better to utilize sign restrictions along with the long-run restrictions that he employed in the parametric work. But to do so one has to carefully design the model. When there were permanent and transitory shocks, Fry and Pagan (2011) made the point that these needed to be combined together separately in order to ensure that the new shocks preserved the same features. This is also true when mixed shocks are involved, but now the situation is more complex. If there are permanent shocks that are thought to have zero long-run effects on the I(1) variables, e.g. demand and monetary shocks on output, then these need to be maintained when constructing new shocks. Hence permanent shocks that have some zero effects (such as aggregate demand shocks) need to be combined together with mixed shocks which also have zero effects. We illustrate the methodology in the context of Peersman's model. Section 6 then concludes.
The nature of shocks in structural models with I(0) and I(1) variables
When all variables are I(1) and there is co-integration between them shocks can be separated into whether they are permanent or transitory. These terms describe the long-run effects on the variables of the shocks. Specifically, when a shock is applied that lasts only for a single period it is called transitory if it has a zero effect on all the variables in the long-run. A permanent shock is required to have a non-zero long-run effect on at least one of the variables. This allows for the possibility that a permanent shock may have a zero long-run effect upon some of the I(1) variables.
When one adds I(0) variables to this system we need to augment the classification. Consequently we will classify the extra shocks induced into the system by the presence of the I(0) variables as being either mixed or transitory.
To appreciate the need for the extended terminology suppose we had a system which had three I(1) variables and no co-integration. Then the long-run response matrix might look like
where the * indicate non-zero values. Consequently, as the rank of this matrix is three, traditional theory says that there are three permanent shocks. Now suppose that an I(0) variable is added to this system and that the new shock has permanent effects on the first two I(1) variables, but a zero effect on the third one. Then the long-run response matrix for the four variables will be * 0 0 * 0 * 0 * , * * * 0
since the fourth variable is I(0), and so the long-run responses of it to all shocks are zero. Now the rank of this matrix will still be three. So, if one used the traditional definition of the rank of the longrun matrix as being the number of permanent shocks, then one has the difficulty of describing the nature of the fourth shock. It clearly fails the definition of a transitory shock and it looks much like the original three permanent shocks. Therefore we need to give it a new descriptor and we will refer to it as a mixed shock, as it arises in the context of a mixture of I(1)and I(0) variables. Specifically, the extra shock associated with the addition of an I(0) variable to a system of I(1) variables is mixed if it has a long-run effect on at least one of the I(1) variables; if, however, it has a zero long-run effect on all of the I(1) variables, it is transitory, and the long-run response matrix for the four variable case would look like * 0 0 0 0 * 0 0 . * * * 0
We now investigate the implications of including both I(0) and I(1) variables together in systems when the shocks associated with the former are, firstly, transitory and, later, mixed.
Shocks associated with I(0) variables are transitory
This section shows how to treat I(0) variables in structural models that contain cointegrating relationships among the I(1) variables when the extra shocks coming from the I(0) variables are taken to be transitory.
For simplicity, consider a structural VAR(2) model of n variables of the form
where i A are n n × matrices of unknown coefficients, 0 A is non-singular and t ν is an 1 n × vector of structural shocks with mean zero and covariance matrix n I . We assume that there are n q − variables which are I(1) and q which are I(0), while among the I(1) variables there are p ( ) n q < − cointegrating relations. We refer to the latter as the 'true' or 'actual' cointegrating relations as distinct from the q 'pseudo' cointegrating relations coming from the treatment of each of the I(0) variables as 'cointegrating with itself'. This is probably the standard way of handling I(0) variables in SVECMs that is currently in the literature. These are known as mixed SVECMs.
Because there are p cointegrating relations among the I(1) variables, there are m n q p = − − structural shocks with permanent effects in a mixed SVECM. Without loss of generality, let
where 1t
x is the 1 m × vector of I(1) variables whose structural shocks are known to have permanent effects, 2t
x is the 1 p × vector of I(1) variables whose structural shocks are known to have transitory effects, and 3t
x is the 1 q × vector of I(0) variables whose structural shocks are transitory by assumption. Let The VAR model of (1) can now be written as the mixed SVECM
The 1 p × vector of 'true' error correction terms, t ξ , can be written as
Following the development in Pagan and Pesaran, we proceed to express the SVECM model of (2) 
where the A matrices are partitioned conformably with t x ∆ . These equations contain the structural shocks with permanent effects. Pagan and Pesaran proved that 
Comparing (8) with (6), we get 
and L is the lag operator. It then follows that the moving average representation will be
where
(12)
Since shocks to the error correction terms t ξ are transitory, it must be the case that 12 (1) 0
where (1) C is partitioned analogously to the partitioned matrices in (8). When shocks to the I(0) variables are transitory, it is the case that 13 (1) 0 C = . These both place restrictions on the B matrices. To determine what they are multiply the first row of (1) C with the second column of
(1) B to obtain the equation 
Shocks associated with I(0) variables are mixed
To illustrate how I(0) variables make a difference to the analysis when the shocks associated with them are mixed, it is useful to work with a simple structural model where there is no co-integration.
Let 1t y and 2t y be I(1) variables and let t x be the I(0) variable. Then the system we will consider is 
This can be simplified by noting
and using these in (15) produces
Now to find the long-run impact of a one unit change in the shock 3t ν introduced by the I (0) variable, from (16) we will have y . It must also be the case that it not be indirectly present through its contemporaneous effect on other variables in the system that are related to 1t y (in this case 2t y ), as one might have expected from the nature of (15) and the results in section 2.1.
Apart from the structure of the system, are there other consequences of mixed shocks? Some familiar results coming from systems with only I(1) variables now need to be qualified. One of these relates to the change in the permanent components. When there are only I(1) variables these are white noise. However, when there are I(0) variables present in the system, this need no longer be the case. We can illustrate this with the example above by computing the change in the permanent component of 1t y as ν and 2t ν , and all of these shocks are uncorrelated with each other.
Original Peersman Model

Design of the SVAR
In an influential paper, Peersman (2005) There was no evidence for a cointegrating relation among the I(1) variables. In view of these properties of the data, Peersman followed common practice and specified an SVAR in the first difference of the I (1) 
Six restrictions are required to exactly identify the four structural shocks in (17) These restrictions also imply that shocks to supply, demand and monetary policy do not have a contemporaneous effect on oil prices (since they imply (21) and (22) produces the correct number of restrictions to identify the SVAR parameters. (2005, pp. 189-190) gives impulse responses of the variables to the structural shocks for a 28 quarter horizon. At the latter it is evident that the monetary policy shock has a non-zero effect on both oil prices and consumer prices and, moreover, the 16 th and 84 th percentile error bands around these responses do not include zero.
Estimation
In this sub-section, we describe how Peersman's model can be estimated by instrumental variables (IV) introduced by Shapiro and Watson (1988) . This is designed firstly, to replicate the results he obtained from maximum likelihood estimation and, secondly, to provide a basis for comparison with the results from other exactly-and over-identified models. We obtained his data from the data archive of the Journal of Applied Econometrics.
Estimation by IV proceeds in the following way. While we lay out this estimation method for the model with one lag and exclude deterministic terms for ease of exposition, the generalization of the method to the model that Peersman estimated, which had three lags, a constant and a time trend, is straightforward. First estimate the oil price equation. Under the restrictions that Figure 1 shows the impulse responses of the U.S. variables to the four structural shocks in the model for a 28 quarter horizon. 2 The results replicate those of Peersman. The identifying restrictions are apparent in the responses: the supply, demand and monetary policy shocks do not have a contemporaneous effect on oil prices, the demand shock does not have a long-run effect on output, and the monetary policy shock does not have a contemporaneous or long-run effect on output.
Results
Oil prices and consumer prices both fall (though not proportionately by the same amount) over all horizons in response to a one standard deviation monetary policy shock that increases the interest rate, so there is no price puzzle here. Output increases initially, but only marginally, and then falls over the next four quarters, after which it starts to gradually recover to its level prior to 2 Here and elsewhere, the impulses responses are shown together with their one standard error bands based on 1000 bootstrapped draws. In the bootstrap, the forecast values and re-sampled residuals from the reducedform VAR model estimated with actual data in the first difference of the I(1) variables and in the level of the interest rate, were used to construct artificial time series for each variable.
the shock, so there is no output puzzle here either. Since oil prices and consumer prices fall permanently in response to the monetary policy shock, and there is no long-run effect on output, it is a mixed shock in our terminology.
As a check on our results, we estimated the model using the short and long procedure in RATS Version 8.2. This procedure estimates exactly identified SVAR models under both contemporaneous and long-run restrictions. The contemporaneous restrictions are of the type which restrict certain shocks to having a zero contemporaneous effect on some variables while the long-run restrictions are of the type which restrict certain shocks to having a zero long-run effect on some variables. We implemented this procedure using the two long-run restrictions in (21) 
Alternative assumptions on the nature of the monetary policy shock
There are other ways to specify the monetary policy shock. It could be treated as a purely transitory shock rather than a mixed one, so that a single period rise in the interest rate will have no long-run effect on the price of oil, output and consumer prices. Alternatively, it might be mixed but using an assumption (which would be standard in most macroeconomic models) that this shock should have a zero long-run effect on the relative price of oil i.e. even though the interest rate increase might lower the price of oil and the level of consumer prices in the long-run, it should lower them by the same proportionate amount. Indeed one would also expect this to be true of a one period aggregate demand shock. Thus, in sub-section 4.1 we see what happens when it is assumed that the monetary policy shock is transitory, followed by section 4.2 where the shock is made mixed but forced to have no long-run effect on the relative price of oil, as will also be true of the aggregate demand shock.
Monetary policy shock is transitory
Design of SVAR
If the monetary policy shock 4t ν is transitory, it will have no long-run effects on the I (1) 
Three more restrictions are needed to get exact identification. As in the original Peersman paper, the demand shock is taken to have a zero long-run effect on output i.e. the second restriction in (21).
This differentiates the demand from the supply shock. To distinguish the oil price shock from the demand and supply shocks, we use two contemporaneous restrictions, which are that the demand shock and the supply shock have a zero contemporaneous effect on oil prices. These restrictions are easy to impose in an IV setting and will mean that the estimated residual from the VAR oil price equation, 1 t e , can be used as an instrument in the structural equations for output and prices. 
Estimation
The first equation to estimate is the output equation. Under the assumption that the monetary policy shock is transitory and the demand shock has no long-run effect on output, (the second restriction in (25) and (21) Figure 2 shows the impulse responses of the U.S. variables to each of the structural shocks out to a 28 quarter horizon. The identifying restrictions are apparent in the responses; the demand shock has a zero long-run effect on output, supply and demand shocks have no contemporaneous effect on oil prices, and the monetary policy shock is transitory, as it has a zero long-run effect on oil prices, output and consumer prices. However, in response to a monetary policy shock which causes the interest rate to rise, both output and consumer prices rise, so that there are output and price puzzles. Can one eliminate the puzzles by working with a different specification? Replacing the restriction that the demand shock does not have a long-run effect on output with the restriction that it does not have a contemporaneous effect on output enables supply and demand shocks to be differentiated, retaining exact identification. However, with this specification the puzzles remain.
Results
Because we did not use some of Peersman's short-run restrictions, as they were not needed for identification, we might ask if the puzzles appear in an over-identified model which does impose them? These restrictions are that the monetary policy shock has a zero contemporaneous effect on both oil prices and output. This means that the residuals from the reduced form VAR equations for oil prices and output are uncorrelated with the monetary policy shock, i.e. that e will be perfectly collinear with 1t v so these effectively become the same instrument. 5 We can, however, impose the second restriction and add it to the six already used and then estimate the over-identified model by instrumental variables.
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Specifically, there is one extra instrument, 2 t e , for estimation of the interest rate equation. Figure 3 shows the impulse response functions for the over-identified model out to 28 quarters.
The contemporaneous response of output to the monetary policy shock is not zero, and is somewhat higher than before (see Figure 2) , and there is a slight non-zero contemporaneous response of oil prices to supply and demand shocks. In addition, the one standard error confidence bands in most cases are considerably wider than shown in Figure 2 . It appears then that the extra restriction is not consistent with the data. Importantly, imposing the over-identifying restriction does not eliminate procedure generated impulse responses that were practically numerically identical to those from instrumental variable estimation. 5 The reduced form oil price residual is a linear combination of the four structural shocks. In the exactly identified model, this residual is uncorrelated with supply and demand shocks. If, in addition, it is uncorrelated with the monetary policy shock, the oil price residual is then correlated only with the structural oil price shock so that they become perfectly correlated. 6 The restriction that the monetary policy shock does not have a contemporaneous effect on output can be expressed parametrically as 24 0 0 a = . We cannot use the short and long procedure in RATS to estimate the model as it is now over-identified. This procedure can only be used for exactly identified models. the output and price puzzles: both output and consumer prices rise in response to a monetary policy shock that raises the short term interest rate. It appears that the absence of puzzles in Peersman's formulation comes from the fact that the monetary policy shock is assumed to be a mixed shock which is allowed to have different long-run effects on oil and consumer prices but no long-run effect on output. 
Monetary policy and demand shocks do not affect relative prices in the long
We require two contemporaneous restrictions, one to separate relative oil price and supply shocks and the other to separate demand and monetary policy shocks. For the former, we impose the restriction that the supply shock has a zero contemporaneous effect on the relative price of oil.
Parametrically, this restriction is We estimate five models, all of which are identified by the four long-run restrictions and by the contemporaneous restriction that separates shocks to relative oil prices from supply, and by one other restriction, shown respectively, as one of case A to E that separates shocks to demand from monetary policy.
Estimation
We estimate (29) to (32) by IV. In all five models, 1 t e is used as an instrument in the estimation of the output equation. In cases A and B, it is also used as an instrument in the estimation of the consumer price and interest rate equations, while in cases C and D, 2 t e is used as an instrument in the estimation of these equations. In case E, 3 t e is used as an instrument in the estimation of the interest rate equation. We obtained the impulse responses for the five models and, as we have the responses of both relative oil and consumer prices, it was easy to recover the responses of the oil price itself. Note that in every case, the responses were practically identical to those generated by the numerical procedure in RATS.
Results
The results for each model are summarized in terms of whether there is an oil price puzzle, a consumer price puzzle and an output puzzle in the responses of t o , t p and t y to a monetary policy shock which raises the interest rate. If there is a puzzle in a response, it is designated as Y (Yes) in the appropriate cell of table 1 and, if not, as N (No). Table 1 shows that, for all five models, there is at least one puzzle in the responses. The only model for which there is no output puzzle is the one corresponding to case D. There the contemporaneous and long-run response of output to the monetary policy shock is restricted to be zero. It is only by tying down this response to zero at both the immediate and long-run horizon can the output puzzle be eliminated. There is no consumer price puzzle in this model but there is an oil price puzzle. Looking across the models, we see that when there is no consumer price puzzle, there is an oil price puzzle and vice-versa.
We conclude this section with the observation that it is by only allowing the monetary policy shock to have a long-run effect on relative prices, i.e. allowing for monetary non-neutrality as in Peersman's model, can output and all price puzzles be eliminated.
Sign Restrictions with Mixed Shocks
In addition to the parametric approach, Peersman chose to use the sign restrictions methodology, developed by Faust (1998) , Uhlig (2005) and Canova and De Nicoló (2002) , to identify the structural shocks. In this section, we reconsider Peersman's model by using an identification procedure which combines parametric restrictions with sign restrictions to identify the monetary policy shock. We maintain the two parametric restrictions of zero long-run effects of demand and monetary policy shocks on output which separates these from oil price and supply shocks. Sign restrictions are then used to distinguish demand from monetary policy shocks.
To initiate the signs approach, the first step is to estimate an exactly identified model that preserves Peersman's long-run restrictions in order to obtain an initial set of orthogonal structural shocks. How this is to be done will be discussed shortly. Once we have initial shocks ,i t ν they are normalized to have unit variance, becoming
There are four structural shocks in this initial model and we focus upon the third and fourth ones To begin, we work with system (17)- (20) and impose on (18) the two restrictions in (21) that the third and fourth shocks have zero long-run effects on output, so that this equation becomes (24). In addition, four short-run restrictions are required to estimate the system. There is not just one set of 7 In our application, ( / 500, 000), 0,1, 2, , 500, 000 k j j π = =  . 8 Separating the shocks into appropriate groups and applying sign restrictions to each group is the approach taken by Fry and Pagan (2011) for co-integrated systems in which there are both permanent and transitory shocks. As we also make distinctions among the shocks, it is natural to adopt a similar approach here so that the new shocks will retain the features of the initial shocks. 9 In line with Peersman, the time period over which the sign restrictions are binding is for four quarters on the responses of output and consumer prices and only on the instantaneous response of oil prices and the interest rate.
short-restrictions that can be used for this (just as in a recursive model there are many orderings) and it seems that the chosen restrictions may have implications for the possible range of models covered by successive draws of the Q matrix. Consequently, we will look at two sets of short-run restrictions.
Our first choice of initial model uses the four short-run restrictions that the second shock has a zero contemporaneous effect on oil prices, the third shock has a zero contemporaneous effect on the interest rate and oil prices, and the fourth shock has a zero contemporaneous effect on consumer prices. With these restrictions the output equation (24) Now, as just mentioned, one might use other short-run restrictions. One set of these would be those used by Peersman in his parametric approach, namely that the second, third and fourth shocks have a zero contemporaneous impact on oil prices. The model generated by these restrictions would never be a sub-set of those generated by the Givens procedure above as the contemporaneous response to the third and fourth shocks is given by ,0 R C Q , and it is not possible for the first row of this matrix to be a row of zeros for any draw of the Q matrix.
10 Thus, Peersman's parametric model will not be an outcome for any of the draws above. In view of this, we took the three zero restrictions above plus a zero contemporaneous impact of the fourth shock on output to be the four short-run restrictions needed to find an initial model. We will call this model BASIS2. It can be used to generate many other impulse responses via Givens matrices. For the BASIS1 initial model there were no draws which satisfied the sign restrictions for demand and monetary policy shocks. BASIS2 was more successful with 0.204% of the draws resulting in impulse responses that satisfied the sign restrictions for demand and monetary policy shocks. This success rate is about one-quarter of that which Peersman reports ( 1 in 130 or 0.769%) for his application of the signs methodology. It would seem to suggest that it is very difficult to find models that are compatible with the data and which don't have price or output puzzles.
Based on the successful draws from the BASIS2 initial model, figure 4 reports the median (50th fractile) responses to unit shocks. The responses are similar to those reported in figure 1 but there is an important difference. The monetary policy shock now results in an immediate fall in output which is about one-half of its maximal fall that occurs at four quarters. Peersman reports a similar finding in his sign restriction results.
Conclusion
The inclusion of I(0) variables in structural econometric models introduces additional shocks which do not fit neatly into the traditional classification of shocks in I(1) systems as permanent or transitory. We augment this classification by describing shocks associated with the I(0) variables as either mixed or transitory. Specifically, the structural shock associated with an I(0) variable is mixed if it has a non-zero long-run effect on at least one of the I(1) variables, while it is transitory if it has a zero long-run effect on all the I(1) variables.
We showed that several well-known results follow through to settings which include I(0) variables provided the shocks associated with them are transitory. The Pagan and Pesaran (2008) result about the nature of structural equations with permanent shocks can be extended to this case and familiar results associated with the Beveridge-Nelson decomposition also apply. However, if the shocks are mixed, familiar results can change e.g. it need no longer be the case that the change in the permanent component of an I(1) series defined by the Beveridge-Nelson decomposition will be white noise, and it can be correlated with the transitory component of the series. In Peersman's models, the monetary policy shock, which is associated with the I(0) interest rate variable, is mixed because it is allowed to have a long-run effect on oil and consumer prices, both of which are I(1). There are no price or output puzzles in his estimated system but there is monetary non-neutrality, since prices change in the long-run. However, when we made the monetary policy shock transitory to maintain strict monetary neutrality, price and output puzzles emerged. We then considered models where the monetary policy shock is mixed but its effects on oil and consumer prices are restricted to be proportionately the same in the long-run i.e. it does not affect relative prices. In only one of these models is there an absence of an output puzzle and, even here, there is an oil price puzzle. The elimination of price and output puzzles in the responses appears to come at the cost of monetary neutrality.
Finally, we apply Peersman's sign restrictions to a model that preserves parameterically his two long-run restrictions. We find that it is very difficult to find models that exhibit responses that correspond to demand and monetary policy shocks i.e. there are price and output puzzles. Overall, we conclude that these puzzles are generally the norm in this data and can be eliminated only by allowing the monetary policy shock to affect relative prices in the long-run and by imposing the requirement that demand and monetary policy shocks have a zero contemporaneous impact on oil prices. 
